Abstract. The present work is devoted mainly to investigation of the buckling and post-buckling behavior of the composite cylindrical panels under axial load. The influence of the diameter of the hole on the buckling strength is studied with the use of finite element method.
Introduction
In the case of thin-walled cylindrical panels, the form of the loss of stability depends mainly on the applied load. Generally, this kind of structure can be subjected to axial compression or lateral load, like for example a lateral concentrated force, hydrostatic pressure or thermal load. If the applied external load causes the compressive stresses (longitudinal or circumferential), the investigated structure will be exposed on the buckling phenomenon. The resistance of the structure on the loss of stability depends on the applied material (isotropic or composite), geometrical dimensions, imperfection (material or geometrical) and applied boundary conditions. Moreover, the influence of the different modification of the geometry (reinforcements, cutouts) could be also taken under consideration. The obtaining analytical closed solution in this kind of problem is very difficult or even impossible. Thus the numerical methods (mainly finite element method) can be successfully used. Very often the significant problem is connected with the satisfying agreement between the theoretical predictions and experiment. All mentioned above problems are present in the recent literature. Currently presented brief survey of literature covers last twenty years in chronological order. Here it is worth noting that the fundamental information as well as the classical analytical approaches can be found in the books by Bushnell [1] , Brush, Almroth [2] or Singer et al. [3] .
Description of Cylindrical Panels
The subject of the current study is a cylindrical composite panel. The geometrical dimensions are depicted in the Figure 1 . The external dimensions (length, width and radius of the curvature) are constant. The width of the panel is measured between the external point of the panel. In the geometrical center of the structure there is a circular hole. The numerical simulations are carried out for 4 structures. These structures differ to each other by the diameter of the perforation. The considered diameters are: 20, 40, 60 and 80 [mm] . The wall of the structure is made of 8 layers with the following stacking sequence: [0º/90º/0º/90º]S, where "s" denotes the symmetry. The fiber orientation angle is measured with respect to the axis of the panel (vertical direction). Two sets of boundary conditions are considered, i.e.: a) the horizontal edges are clamped b) the horizontal edges are simply supported. The vertical edges are free in both cases. Moreover, the upper edge can move in vertical direction. The structure is subjected to the uniform axial compression. The load (force or displacement) is applied to the upper edge.
Finite Element Model
The numerical calculations are performed with the use of commercially available system ANSYS12.1. The panel is modelled as shell structure. The SHELL281 composite multilayered elements are used. These elements have 6 degrees of freedom in each nodes, namely 3 transitional and 3 rotational. The theoretical formulation is based on the first order shear deformation theory. They have quadratic shape functions. However, in the case of the structures with cut-outs the meshes are irregular. In the vicinity of the perforation there are generated additional ring areas, where the mesh is regular. The width of this area is constant and equal to t w =10 [mm] . The meshes are generated automatically with the assumed approximate element size equal to l e =4 [mm] . The irregular meshes are symmetric with respect to the symmetry axis and the example of mesh is presented in the Figure 1 . The total number of generated elements, nodes and degrees of freedom are collected in the Table 1 . The boundary conditions are defined in cylindrical coordinate system. The axis Z of this coordinate system overlaps the axis of the panel. In the case a), where the lower and upper edges are clamped, the following degrees of freedom are constrained: upper edge: ROT θ , U r , U θ , U z , and upper edge: ROT θ , U r , U θ . In the case b), where the lower and upper edges are simply supported: lower edge: U r , U θ , U z and upper edge: U r , U θ .
The numerical analysis consists of two stages. At the very beginning, a simple linear buckling analysis is carried out in order to evaluate the buckling loading multipliers and the corresponding eigenvectors. On the upper edge there is applied the uniform pressure. The Lanczos method is used in order to obtain the following buckling loads and corresponding buckling modes. In the second stage, the geometric imperfections are introduced. The global shape of the applied imperfection corresponds to the shape, which is obtained as the first buckling mode. The load is changed and now the displacement in the vertical direction is applied on the upper edge. Due to the expected large magnitude of deformation, the analysis is performed in the geometrically nonlinear range. The nonlinear problem is solved with the use of the Newton-Raphson algorithm. The maximal end shortening is equal to ∆U=2 [mm] . The load step is divided on the 400 equal substeps. 
Linear Buckling Analysis
Next, the influence of the circular hole on the stability is investigated. In the Figure 3 there are presented the obtained values of the buckling mode. The following mode shapes for diameter = 40mm are shown in the Figure 2 . The existence of the cut-out causes the decreasing of the value of buckling load. In the case of relatively small holes the reduction is not significant. It is worth stressing here that for the assumed diameter of the hole, the values of buckling load, which are obtained in the case of mode I, II, III and IV, are very similar. This fact could make further geometrically nonlinear simulations very difficult. In other words there is a lot of different equilibrium paths in post-buckling regime, which are located close to each other. It would be necessary to apply a very short increment of the external load in order to find the appropriate post-buckling equilibrium path. Moreover, the obtained modal shapes are also very similar for all analyzed diameters of the hole. The observable differences are obtained for the largest perforation (buckling mode III and IV). 
Post-Buckling Behaviour of Cylindrical Panel with Holes
Generally, the existence of the hole reduces the stability resistance of the analyzed cylindrical panel. In the Figure 4 there is shown the evolution of displacement for the exemplary panel with hole. It is worth noting that now there is no clear buckling point, which corresponds with the buckling load. The change of the primary equilibrium path is gradual. The next characteristic point is observed, when the value of the end shortening reaches ∆U=1.695 [mm] . The one half-wave, which is located in vicinity of the hole, starts to split into two half-waves. In this moment the instant change of the deflection is also observed. In the diagrams, which are shown in the Figure 5 , there are shown the results obtained for the different size of the circular hole. The existence of the hole significantly decreases the maximal value of the axial force F. Generally, for the particular value of the end shortening ∆U the value of force reaches its maximum and after that the some local collapse of the structure is observed. Its character is depicted in the Figure 4 . For the larger holes (diameter is equal to 60 and 80 [mm] in this point it is very difficult to obtain the convergent numerical solution. This point is also clearly visible in the case of the relationship between the lateral displacement W and the end shortening ∆U, especially in the case of the hole with diameter equal to D=40 [mm] . Additionally, it is worth stressing here, that the existence of the holes lowers the stable equilibrium path in the post-buckling behaviour. In the buckling and near post-buckling range the existence of holes has similar influence as the geometrical imperfection.
In the case of D=20[mm] the final form of the radial deflection is symmetric with respect to vertical and horizontal axis of symmetry. However, as it is discussed above, in the case of the hole with diameter The influence of the geometrical imperfections on the maximal lateral deflection W, controlled in the point A is studied in the case of the panel, where the diameter of the hole is equal to D=40 [mm] . In the Figure 6 there is shown the relationship between end shortening ∆U and the lateral deflection W. As it can be observed, the presented curves are very similar. However, near the buckling point, the magnitude of the imperfection coefficient has significant influence on the obtained results.
The damage of the composite material in the sense of First-Ply-Failure (admissible stress criterion) is always localized in the vicinity of the perforation, what is shown in the Figure 6 . The value of the axial force, which causes the failure of the material (first layer), is generally much lower in comparison with first buckling load (Figure 3) . It means that the failure of composite material starts before the loss of stability of the whole structure is observed. The damage is caused due to the exceeding the allowable stress (compression in the perpendicular direction to the fibre). For the larger holes the force and the end shortening, which cause the material failure, decreases. In the case of the hole with diameter D=80[mm], the axial force value is over 3.5 times smaller in comparison with the axial force value, which is determined for the hole with diameter D=20 [mm] . The admissible stresses are exceeded in the case of layer, which is the nearest to the axis of the panel.
Summary
In the present work the buckling and post-buckling behaviour of the composite cylindrical panels with central circular hole is investigated. For the fixed external geometrical dimensions the effect of the boundary condition and the size of the perforation is studied. The analysis is performed with the use of finite element method. The obtained results can be summarised in the following way:
The buckling load are very similar. However, in the case of clamped edges the obtained values are higher in comparison with the values obtained for simply supported horizontal edges.
The values of the critical buckling loads for the following buckling modes differs also not significantly. It could cause the problems with the obtaining the convergent solution in the case of fully non-linear analysis.
In the case of non-linear analysis the obtained deformation of the structure is similar to deformation of the real panel.
The existence of the hole decreases the buckling strength of the structure. In all studied cases the maximum load is observed. In the cases of the panels with larger holes after reaching this point, the obtaining convergent solution is very difficult.
Generally, the influence of the geometrical imperfections is not significant. The most visible effect is observed in the vicinity of the buckling load.
The panels with holes, the failure of the composite material in the sense of the first ply failure is always observed in the vicinity of the hole. The corresponding axial force is lower in comparison with the buckling load. 
